
CONF-8606146—5

TI86 015925

COMPUTATIONAL METHODS FOR CRITICALITY SAFETY
ANALYSIS WITHIN THE SCALE SYSTEM

C. V. Parks, L. M. Petrie, N. F. Landers, J. A. Bucholz
Oak Ridge National Laboratory

Oak Ridge, Tennessee USA
operated by

MARTIN MARIETTA ENERGY SYSTEMS, INC.
under contract No. DE-ACQ5-840R21400

for the
U.S. Department of Energy

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, <>r otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. Ths views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

By acceptance ot thu article, the
publilhar or recipient acknowledges
the. U.S. Government's right to
retain a nonexclusive, royalty tree
Hcente in and to any copyright
covering the article.

DISTRIBUTION OF THIS DOCUMENT IS UNUMITED



COMPUTATIONAL METHODS FOR CRITICALITY SAFETY
ANALYSIS WITHIN THE SCALE SYSTEM

C. V. Parks, L. M. Petrie, N. F. Landers, J. A. Bucholz
Oak Ridge National Laboratory

Martin Marietta Energy Systems, Inc.
Oak Ridge, Tennessee USA

ABSTRACT

The criticality safety analysis capabilities within the SCALE
system are centered around the Monte Carlo codes KENO IV
and KENO V.a, which are both included in SCALE as func-
tional modules. The XSDRNPM-S module is also an important
tool within SCALE for obtaining multiplication factors for one-
dimensional system models. This paper reviews the features and
modeling capabilities of these codes along with their implementa-
tion within the Criticality Safety Analysis Sequences (CSAS) of
SCALE. The CSAS modules provide automated cross-section
processing and user-friendly input that allow criticality safety
analyses to be done in an efficient and accurate manner.

INTRODUCTION

The initial emphasis for the SCALE computational system1 was on developing the cross-section
libraries and tools to enable automated cross-section processing and accurate criticality safety analysis
with a ussr-friendly, free-form input format. Work on development of the cross-section libraries and
processing techniques is reviewed in a companion paper.* This paper will review the functional modules
and analytic sequences used in SCALE to calculate effective multiplication factors

The XSDRNPM-S module is one of the major computational tools within SCALE. For criticality
analyses, XSDRNPM-S is used to obtain k^ for one-dimensional (l-D) systems. For multidimensional
systems, the KENO IV and KENO V.a codes have been included in SCALE. The reason for includ-
ing both of these KENO versions in SCALE should be explained. When work began in the late 1970's
on the first Criticality Safety Analysis Sequences (CSAS) for SCALE, KENO IV was the established
code2 in use by analysts. The development of KENO V was still in progress. Thus, in order to meet
development goals the first criticality safety analysis sequence for multidimensional systems (CSAS2)
used the KENO IV code. The completion of KENO V, and later KENO V.a, and their inclusion in
the CSAS4 control module rendered the analysis capabilities of KENO IV and CSAS2 redundant.
However, it was determined that many established users of KENO IV were not willing to shift to
KENO V. Also, the CSAS2 sequence had been heavily used in cross-section validation efforts for the
SCALE project and was being widely used by safety analysts. Thus, to date, both KENO IV and
KENO V.a are maintained within the SCALE system. All three of these functional modules
(XSDRNPM-S, KENO IV, and KENO V.a) will be reviewed briefly in this paper, although empha-
sis will be placed on the KENO V.a module. The major differences between the two KENO versions
will be highlighted. More detailed information can be obtained from Sects. F3, FS, and FU of the
SCALE Manual.1

•Ft. M. Westfall, "Cross-Section Library and Processing Techniques Within the SCALE System,"
Proceedings of the OECD Workshop on SCALE-3, Paris, France, June 24-27, 1986.



Two control module programs have been developed in SCALE for criticality safety analysis. How-
ever, these two programs allow many different sequences to be run. The initial control module was
released with the SCALE-1 package and contains Criticality Safety Analysis Sequence No. 1 (CSAS1)
and Criticality Safety Analysis Sequence No. 7. (CSAS2). The CSAS1 sequence uses the XSDRNPM-
S module to obtain k^ for one-dimensional unit cells or "multiregion" systems in slab, cylindrical, or
spherical geometry. Infinite homogeneous media calculations can also be performed. The CSAS2
sequence calculates k ^ for multidimensional systems using the KENO IV module. These sequences
are documented in detail in Sects. Cl and C2 of the SCALE Manual.1

The second criticality analysis control module was released with SCALE-1 and updated with the
SCALE-3 release. This program is typically designated as Criticality Safety Analysis Sequence No. 4
(CSAS4), but it provides for eight different sequences to be executed. These sequences are all basically
subsets of the CSAS4X sequence which does resonance cross-section processing, cell weights cross sec-
tions via XSDRNPM-S, performs a multidimensional kjff calculation with KENO V.a, and then modi-
fies the geometry and iterates until the specified value of k^ is obtained. All the analysis capabilities of
the CSAS1/CSAS2 control module are within the CSAS4 control module. However, many analysts still
use the CSAS2 sequence because of their familiarity with KENO IV. This paper will concentrate on
the features of the CSAS4 control module (documented in Sect. C4 of SCALE1), although the differ-
ences between the two control module programs will be presented.

REVIEW OF FUNCTIONAL MODULES FOR CRITICAHTY SAFETY ANALYSIS

One-Dimensional Analyses

Due to their high importance in system safety, criticality analyses are typically done with extreme
detail and rigor. Although truly one-dimensional (l-D) systems are difficult to Find in practice, critical-
ity safety analyses of l-D models arc often performed for scoping work and/or studies where the reac-
tivity effects, i.e., the change in k^, are evaluated. The XSDRNPM-S module is employed in SCALE
to obtain kefrvalues for l-D systems.

XSDRNPM-S is a highly evolved discrete ordinates transport program which has a wide variety of
features. Its origins trace back to the popular ANISN program which pioneered the treatment of aniso-
tropic scattering in discrete ordinates calculations. With sufficient angular quadrature and spatial mesh
specifications, highly precise solutions to one-dimensional transport problems are obtained. The precise-
ness of the solutions is what makes the XSDRNPM-S module desirable for studying system changes that
provide only a small reactivity change.

The finite differencing in XSDRNPM-S is done with the weighted diamond-difference model with
weighting parameters chosen on the basis of experience with the DOT IV code.3 Angular quadrature
sets are calculated automatically for each of the one-dimensional slab, sphere, or cylinder geometries.
Scattering expansion is treated to whatever order is provided in the cross-section sets. Boundary condi-
tions on the angular fluxes can be specified as vacuum, reflected, periodic, white, or user-supplied
albedos. Also, transport in the transverse direction can be approximated with geometric buckling losses
or with void streaming corrections.

A number of search options are available in XSDRNPM-S. For a specified system multiplication
factor, one can perform a zone width search, an outer boundary search, or a buckling loss search. Also,
direct searches can be performed to determine alpha, the coefficient of the exponential variation of the
flux, or a direct determination of buckling losses.

Convergence in XSDRNPM-S is determined by tests on several quantities. The point values of the
scalar fluxes must vary by less than a prescribed amount between outer iterations. Also, the ratio of
source terms and scattering rates (up and down in energy) between outer iterations must converge.
Provision is made for banding thermal groups and thereby accelerating upscatter convergence.



Multidimensional Analysis

The KENO family of Monte Carlo codes have become perhaps the most-used computational tools for
detailed criticality analysis. The original KENO code was developed in the late 1960's at Oak Ridge
National Laboratory.4 In 1975, a significantly improved version of the code was released as
KENO IV,2 which subsequently was included in the original SCALE system release (SCALE-0) in
1980. In 1982, the KENO V version of the family was released with the SCALE-1 release. Work to
enhance the geometry modeling features led to the replacement of KENO V with KENO V.a in the
SCALE-3 release. This section will review the basic theory and modeling techniques used in all of these
codes and highlight the differences between the various SCALE versions.

The KENO codes all solve a multi-energy-group form of the Boltzmann transport equation. Monte
Carlo techniques arc employed to iteratively solve the equation for the largest eigenvalue (k«.fr) of the
homogeneous integral equations. The definition of k^ may be given as the ra'io of the number of neu-
trons in the ( n + l ) t h generation to the number of neutrons in the nth generation. Other quantities that
are calculated include lifetime and generation time, energy-dependent leakages, energy- and region-
dependent absorptions, fissions, fluxes, and fission densities.

Like other neutronic Monte Carlo codes, KENO tracks particle "histories" through the specified
geometry to obtain such information as the space- and energy-dependent scattering source, fission
source, and collision density. A collision occurs in a geometrical region when a history exhausts its mean
free path length within the boundaries of the region. For each collision, the absorbed weight and the fis-
sion weight are tabulated, then the weight is modified by the nonabsorption probability. This new
weight is checked for splitting and Russian roulette,5 and if it survives, the history is scattered. A new
energy group is selected from the cumulative transfer probability distribution.

Anisotropic scattering is treated by using discrete scattering angles. The angles and associated pro-
babilities are generated in a manner that preserves the moments of the angular scattering distribution for
the selected group-to-group transfer. These moments can be derived from the coefficients of a Pn Legen-
dre polynomial expansion. All moments through the 2n-l moment are preserved for n discrete scattering
angles. A one-to-one correspondence exists such that n Legendre coefficients yield n moments. The
cases of zero and one scattering angle are treated in a special manner. KENO V can recognize that
the distribution is isotropic even if the user specifies multiple scattering angles, and therefore selects
from a continuous isotropic distribution. If the user specifies one scattering angle, the code performs
semi-continuous scattering by picking scattering angle cosines uniformly over some range between -1 and
+ 1 . The probability is zero over the rest of the range.

In order to minimize the statistical deviation of k^ per unit computer time, weighted tracking is util-
ized rather than analog tracking. Weighted tracking accounts for absorption by reducing the neutron
weight, rather than allowing the neutron history to be terminated by absorption. To prevent expending
excessive computer time tracking low weight neutrons, Russian roulette is played when the weight of the
neutron drops below a preset value, WTLOW. Neutrons which survive Russian roulette are assigned a
weight, WTAVG. The value of WTLOW and WTAVG can be assigned as a function of position and
energy. The values used are:

DWTAV = 0.5 is the default value of WTAVG,
WTAVG <• DWTAV is the weight given a neutron that survives Russian roulette, and
WTLOW = WTAVG/3.0 is the value of weight at which Russian roulette is played.

A study by Hoffman5 shows these default values to be reasonable for bare critical assemblies.

Inside a fissile core, the importance of a neutron is a slowly varying function in terms of energy and
position. Hence, for many systems, the standard defaults for WTLOW and WTAVG are good values to
use. For ;eflectors, however, the worth of a neutron varies both as a function of distance from the fissile
material and as a function of energy. As a neutron in the reflector becomes less important relative to a
neutron in the fissile region, it becomes desirable to spend less time tracking it. Therefore a space- and



energy-dependent weighting or biasing function is used to allow the user to minimize the variance in k f̂
per unit tracking time. When a biasing function is used in a reflector, it becomes possible for a neutron
to move from one importance region into another whose WTLOW is greater than the weight of the neu-
tron. When this occurs, Russian roulette is played to reduce the number of neutrons tracked. When the
reverse occurs, that is, the neutron moves to a region of higher importance, its weight may be much
higher than WTAVG for that region. When the weight of the neutron is greater than a preset value,
WTHI, the neutron is split into two neutrons, each having a weight equal to one-half the weight of the
original neutron. This procedure is repeated until the weight of the split neutron is less than WTHI.
The default value for WTHI is WTAVG»3.0. WTHI is the weight at which splitting occurs.

The weighting or biasing function for a given core material and reflector material can be obtained by
using the adjoint solution from Sn type programs for a similar (usually simplified) problem. This adjoint
flux gives the relative contribution of a neutron at a given energy and position to the total fissions in the
system. The weighting function for KENO is thus proportional to the reciprocal of the adjoint flux.
Although such a function can be difficult to obtain, the savings gained makes the effort worthwhile for
many of the materials that are frequently used as reflectors. Biasing functions have been prepared for
several reflector materials commonly used in KENO calculations. The use of biasing to minimize the
variance in k^ per unit computer time will usually increase the variance in other parameters such as
leakage or absorption in the reflector.

Arrays reflected by thick layers of material having a small absorption to scattering ratio may require
large amounts of computer time to determine k^r because of the relatively long time a history may spend
in the reflector. A differential albedo technique was developed for use with the KENO codes to elimi-
nate tracking in the reflector. This involves returning a history at U?« point it impinges on the reflector
and selecting an emergent energy and polar angle from a joint density function dependent upon the inci-
dent energy and polar angle. The weight of the history is adjusted by the functional return from the
reflector, which is also based on the incident energy and angle.

Because differential albedos are expensive and time-consuming to generate, those corresponding to
the Hansen-Roach 16 energy group structure are the only differential albedos currently available for use
with KENO. In the past, their use was limited to problems utilizing cross sections having the Hansen-
Roach 16 energy group structure. KENO V extends the use of differential albedos to other energy
group structures by allowing appropriate energy transfers. This is accomplished by creating lethargy
boundary tables for the albedo group structure and the cross section group structure and determining the
lethargy interval corresponding to the desired transfer (cross section group structure to albedo group
structure or vice versa) based on a uniform lethargy distribution over the interval. When the energy
group boundaries of the cross sections and albedos are different, the results should be scrutinized by the
user to evaluate the effects of the approximations.

A new feature incorporated in KENO V is the capability of supergrouping energy-dependent infor-
mation. This includes the cross sections, albedos, pointer arrays, weights, leakages, absorptions, fissions
and fluxes. If the available computer memory is too small to hold all the problem data at once,
KENO V automatically determines the number of supergroups necessary to allow execution of the
problem. Thus, larger problems can be run on smaller computers.

KENO V incorporates a versatile and convenient restart capability. Certain changes can be made
when a problem is restarted, including the use of a different random sequence and turning off certain
print options such as fluxes or the fissions and absorptions by region.

One major reason for the success of KENO IV as a popular analytic tool is its efficient and easy-to-
use geometry package. In light of the recent geometry enhancements of KENO V.a, this standard
KENO IV geometry is often referred to as the "simple geometry." The simple geometry is three-
dimensional and allows for the simultaneous use of cuboids, spheres, hemispheres, cylinders, hemi-
cylinders, and an embedded array of such bodies. Each geometry shape defines a region and each shape
is input via keywords (SPHERE, CUBE, etc.). The regions can be nested one outside another to con-
struct a desired object. Each region must be completely enclosed by the next larger region (tangenc.



and common faces are allowed but intersecting regions are not). This procedure is used to describe box
types, each of which may contain a different geometry configuration. The box types can then be stacked
together to form a three-dimensional array of units. When stacking box types, the outermost region
must be a cube or cuboid, and the adjacent faces of adjacent box types must be the same size. Once an
array has been described, a reflector can be built around the array by using the automatic reflector
option, building it of geometry keywords enclosing the entire array, or using the albedo feature.

The original KENO V version made only one change to the simple geometry by allowing a user to
specify the origins for cylinders, hemicylinders, spheres, and hemispheres. This allows the use of noncon-
centric cylindrical and spherical shapes and provides a great deal of freedom in positioning them. The
major modeling extensions to the KENO geometry came with the KENO V.a version which replaced
the KENO V version with the SCALE-3 release. Cylindrical and spherical vessels that are partially
filled in the iadial direction can now be easily modeled because the cut surface for hemieylinders and
hemispheres can be placed at any distance between the radius and the origin (rather than at the origin
only).

However, the most outstanding KENO V.a geometry advancement is the addition of the "array of
arrays* and "holes" capabilities. The array-of-arrays option allows the construction of arrays from other
arrays. The depth of nesting is limited only by computer space restrictions. This option greatly simpli-
fies the setup for arrays involving different units at different spacings. The hole option allows placing a
unit or an array at any desired location within a geometry region. The emplaced unit or array cannot
intersect any geometry region and must be wholly contained within a region. As many holes as will
snugly fit without intersecting can be placed in a region. This option is especially useful for describing
transport/storage casks, storage pools, and reflectors that have gaps or other geometrical features. Any
number of holes can be described in a problem and holes can be nested to any depth. With the excep-
tion of holes, each geometry region in a unit must completely enclose each interior unit.

These new features in KENO V.a allow the modeling of complex geometry configurations not possi-
ble with KENO IV. As an example, consider the typical shipping cask model illustrated by Fig. 1.
Note that a very detailed model of the shipping cask can be obtained. The shipping cask contains -even
17x17 PWR fuel assemblies with each pin in each assembly modeled. The rods placed between the fuel
assemblies are B4C rods with stainless steel cladding. The geometry input consisted of only 53 state-
ments. The stand-alone KENO V.a calculation took 8 min. of IBM 3033 cpu time for 30,000 his-
tories and yielded a Ic^of 0.954 ± 0.004.

In order to confirm the accuracy of the geometry description, KENO V.a provides an option to gen-
erate two-dimensional printer plots at any given slice through the geometry. The value plotted may be
specified to be either the material (mixture number) by location, or the unit number by location. Any
number of plots can be made. KENO V.a will allow generation of the plots with or without executing
the problem.

The KENO V.a geometry package does have two major restrictions: (1) intersections are not
allowed, and (2) the geometric shapes must be oriented along orthogonal axes and cannot be rotated.
Although a hindrance for some problems, these limitations allow particle tracking to be done in a much
faster and more efficient manner than could be done otherwise. Given some time and patience, a clever
and/or experienced user can model many complex geometries that wouldn't seem possible with the above
restrictions and/or available body types.

The above review has provided some information on the similarities and differences between
KENO IV and KENO V.a. Other differences that have not been noted are listed below.

1. KENO IV allows the user to select one fission spectrum, while KENO V and KENO V.a provide
for mixed fission spectrums based on the fissile content.

2. KENO V and KENO V.a added a periodic boundary condition option.

3. KENO IV uses the 16-group KENO formatted library or an AMPX working library format.
KENO V and KENO V.a allow only an AMPX working library format.
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4. KENO IV allows specified k«rr searches to be made on the dimensions of a unit, the spacing
between units, or on the number of units in an array. An improved search technique using
KENO V.a is currently automated in SCALE with the CSAS4 control module, but is not allowed
in the stand-alone KENO V.a module.

5. The KENO V data input features flexibility in the order of input. The single restriction is that the
title must be entered first and the parameter data, if any, must immediately follow. A large portion
of the data has been assigned default values that have been found to be adequate for many prob-
lems. This enables the user to run a problem with a minimum of input data. Blocks of input data
are entered in the form:

READXXXX input data END XXXX

where XXXX is the keyword for the type of data being entered. The types of data entered include
parameters, geometry region data, array definition data, biasing or weighting data, albedo boundary
conditions, starting distribution information, the cross-section mixing table, extra 1-0 (reaction rate)
cross-section ID's for special applications, and printer plot information. A block of data can be
omitted unless it is needed or desired for the problem. Within the blocks of data, most of the input
is activated by using keywords to override the default values.

REVIEW OF THE CRITICAHTY SAFETY ANALYSIS SEQUENCES

Material Information Input and Cross-Section Processing

All the criticality safety analysis sequences within the SCALE computational system use free-form
input. The first step activated by the CSAS4 sequences are the Data Preprocessor and Material Infor-
mation Library which were developed to centralize the procedure for automated cross-section process-
ing.* The Data Preprocessor and Material Information Library make up a subroutine library referred to
in the SCALE package as MIPLIB. This subroutine library is used by all the sequences of the CSAS4
control module and all the shielding analysis sequences. However, the first SCALE control module ~
the CSAS1/CSAS2 control module - has built-in routines that perform the basic functions of
MIPLIB, but does not use MIPLIB directly. In fact, many of the MIPLIB routines were lifted from the
CSAS1/CSAS2 program and subsequently altered or updated to add additional features. The input
data for both processors are very similar.

The Data Preprocessor carries out operations to prepare and check data that will be used by the
functional modules which are activated for the cross-section portion of the sequence. The Material
Information Processor reads and processes the composition and geometric information used for calculat-
ing material number densities and the parameters required for the cross-section resonance treatment.
The composition and geometric information is input in engineering terms, with only the detail necessary
to properly define the problem. Keywords describing the system, as well as associated numerical data,
are used when they are appropriate. Commonly used values of some of the parameters may be obtained
by default, or may be easily changed to the quantities needed. After all of the description has been
entered, the data arrays necessary to run BONAMI-S, NITAWL-S and XSDRNPM-S are prepared. A
flexibly dimensioned array is used to store all of the information.

AH materials used in the composition description must be included in the Standard Composition
Library available with SCALE. The library gives full information about each composition, such as the
amount of each element in the material, the density, the element's cross section library identification
number, etc. This information is used to calculate number densities for each isotope and to prepare
some of the resonance data. Resonance data (e.g., Dancoff factors) are calculated for use by
NITAWL-S using the material and geometric descriptions.

l c £ T ! P o L PapCf by R- M" WcStfal1' "Cross Scction Libraries and P a s s i n g Techniques within
the SCALE System Proceedings of OECD Workshop on the SCALE-3 Package, June 24-27 1986
Pans, France. '



AU the sequences use either NITAWL-S to do resonance self-shielding of cross-sections using the
Nordheim treatment or BONAMI-S to process cross sections using Bondarenko self-shielding factors.
Input data tor XSDRNPM-S is prepared by the Material Information Processor whenever cell-weighted
cross sections are required for the subsequent systems analysis. The cross sections obtained via this pass
through XSDRNPM-S allow a homogeneous representation of the geometric cell specified in the proces-
sor input.

The geometry input to the Material Information Processor is used to prepare appropriate resonance
data for the designated materials. Mixtures not included in the simple geometric description have reso-
nance processing performed with infinite homogeneous data. The new MIPLIB package released with
SCALE-3 optionally allows the user to override the default resonance data for any mixture and input a
simple geometry description by utilizing the MORE DATA option. Note, however, that when this
option is used, the Dancoff factor for the mixture is not automatically produced, but must be input by
the user.

Description of Sequences

The Criticality Safety Analysis Sequences (CSAS) available in SCALE-3 are shown in Table I,
together with the functional modules that each accesses. The first two sequences in Table 1 make up
the CSASI/CSAS2 control module program while the last eight sequences are provided in the CSAS4
control module program.

Analytic
Sequence

Table I. Functional modules executed by the Criticality Safety Analysis Sequences

Search
Function Functional modules executed by the control module

CSAS1
CSAS2
CSASN
CSAS IX
CSASI
CSASIX
CSAS25
CSAS2X
CSAS4
CSAS4X

no search
no search
no search
no search
no search
no search
no search
no search
search
search

BONAMI-S
BONAMI-S
BONAMI-S
BONAMI-S
BONAMI-S
BONAMI-S
BONAMI-S
BONAMI-S
BONAMI-S
BONAMI-S

NITAWL-S
NITAWL-S
NITAWL-S
NITAWL-S
NITAWL-S
NITAWL-S
NITAWL-S
NITAWL-S
NITAWL-S
NITAWL-S

XSDRNPM-S
XSDRNPM-S*

XSDRNPM-S

XSDRNPM-S

XSDRNPM-S

XSDRNPM-S

KENO

ICE-S
ICE-S

KENO
KENO
KENO
KENO

IV

V.a
V.a
V.a
V.a

MODIFY
MODIFY

•Optionally accessed if mixture 500 used.

The CSASI sequence basically provides an easy-to-use tool for calculating lc^ for one-dimensional
systems via the XSDRNPM-S code. Calculations for unit cell geometries, large multiregion geometries
or infinite homogeneous mediums can be performed in slab, cylindrical, or spherical geometries. An
automatic mesh generator is incorporated to provide the spatial mesh for XSDRNPM-S (see
Sect. Cl.2.5 of the SCALE Manual1). The CSAS2 sequence was developed to obtain k,n- for multidi-
mensional systems using the KENO IV code. As noted in Table 1, the execution path for CSAS2
actually includes XSDRNPM only when one specifically uses mixture 500 in the multidimensional prob-
lem description. If it is not used anywhere, the XSDRNPM step is skipped and the cross-section data
produced by NITAWL is used in KENO IV directly.

The last eight sequences listed in Table 1 are contained within the CSAS4 control module program.
An X at the end of a sequence name (e.g., CSASIX) always denotes that XSDRNPM-S is used to cre-
ate a cell-weighted mixture. The automatic mesh generator developed for the CSASI sequence is used
to generate a spatial mesh for XSDRNPM-S. The sequences CSASN through CSASIX of Table 1
provide a convenient scheme for generating cross-section libraries for use in stand-alone modules. The
last four sequences of Table 1 are available for multidimensional k^ calculations and searches using
the KENO V.a module.



X
X
X
X

X
X
X
X

Table 2 provides a description of the primary product from each analytic sequence and the cross-
section libraries available for future use. In reviewing the sequences available in the CSAS4 control
module, it should be evident that (1) CSASIX is like the CSASl sequence except a cell-weighted library
is produced, and (2) the CSAS25 and CSAS2X sequences are identical in formation to the CSAS2
sequence except CSAS25 and CSAS2X use KENO V.a rather than KENO IV.

Table 2. Primary products from sequences in CSAS4 control module

Module Unit numbers of generated cross-section libraries
Name Primary Product 2" 3b 4e 14d

CSASN resonance-corrected working library X
CSASIX XSDRNPM eigenvalue calculation X X
CSASl resonance-corrected mixture cross- X X X

section MORSE/KENO library
CSASIX resonance-corrected cell-weighted X X X X

mixed cross-section
MORSE/KENO library

CSAS25 KENO V k<.ff X
CSAS2X KENO V f u s i n g homogenized cell X X
CSAS4 dimension alterations X
CSAS4X dimension alterations using X X

homogenized cell

•Resonance-corrected mixed working library from ICE-S.
bResonance-corrected cell-weighted working library from XSDRNPM-S.
^Resonance-corrected working library from NITAWL-S.
dResonance-corrected mixed cross-section MORSE/KENO library from ICE-S.

The search capability developed for the CSAS4 and CSAS4X sequences are controlled by the
MODIFY module. As released in SCALE-1, the search capabilities of CSAS4 and CSAS4X were lim-
ited to an optimum pitch search for the maximum k,.n- value. When the CSAS4 program was updated to
use KENO V.a, the search capabilities were expanded to allow searches for the geometry associated
with the maximum, the minimum, or a specified kgjr value. The user specifies whether the pitch
(center-to-center spacing) or the dimensions of one or more geometry regions will be varied to obtain the
desired k^. Because only an initial value of k^ and a set of boundary constraints are available, four ini-
tial points are generated as nearly equally spaced as possible within the parameter constraints. The
search package identities the type of cubic equation [i.e., a cubic with no local extrema (type A), or a
cubic with two local extrema (type B)], and utilizes this knowledge in determining the pitch correspond-
ing to the required k r̂ value. The solution scheme is an iterative procedure which makes use of all pre-
vious information to modify the geometry and determine when the desired k^ value has been achieved.6

The number of iterations and the convergence criteria from the search can be optionally input.

The input data for the CSAS sequences of Table 2 are composed of three broad categories of data.
The first (Material Information Processor, including Standard Compositions Data and Geometry Specifi-
cation) specifies the cross-section library and defines the composition of each mixture and the cell geom-
etry that is used to process the cross sections. This data block is all that is necessary for CSASN,
CSASIX, CSASl, and CSASIX. The second category of data is the KENO V.a input data, which arc
used to specify the geometric and boundary conditions that represent the physical configuration of the
problem. Both data blocks are required for CSAS25 and CSAS2X. The last category of data is the
search data. All three data blocks are required for CSAS4 and CSAS4X. Table 3 indicates the basic
input data requirements of these CSAS sequences. To check the input data without actually processing
the cross sections,the words TARM—CHECK" or TARM-CHK" should be entered, starting in col-
umn 11 of the analytical sequence specification for IBM versions. For example,



Table 3. Table of input data requirements for sequences in
CSAS4 control module program

Summary of data input requirements

Type of Data Analytical Sequence

1 Analytical sequence specifications (IBM versions)

2 Material information processor data

3 KENO V daU

4 Search data

5 END for the analytical sequence (IBM versions)

CSAS4

yes

yes

yes

yes

-CSAS4X

yes

yes

yes

yes

-CSAS25

yes

yes

no

yes

-CSAS2X

yes

yes

no

yes

-CSAS1X

yes

no

no

yes

-CSASI

yes

no

no

yes

-CSASIX

yes

no

no

yes

-CSASN

yes

no

no

yet



= CSAS4 PARM=CHK would cause the input data for CSAS4 to be checked and appropriate error
messages to be printed. If plots are specified in the data, they will be printed. This feature allows the
user to debug and verify the input data using a minimum of computer time. Many problems can be
checked in ten seconds or less. The CSAS1/CSAS2 control module requires data block input similar to
the first two noted above except KENO IV rather than KENO V.a input data are needed. The
PARM=CHECK and plot features noted above are not available in CSAS1/CSAS2.

The data input required to obtain the optimum pitch for an array of fuel bundles in a square alumi-
num cask is shown in Fig. 2. The input utilizes a cell-weighted mixture (500) to represent a BWR-like
fuel bundle. The cask contains a 2x2x1 array of fuel bundles. Each fuel bundle consists of a !7xl7xl
array of zirconium clad, 2.35% snrirh.-d UOi fi»ri :.;••- •••*• • ;ied in n ••:.-.-iMr-- p.,_. Vne pin diameter is
0.823 cm, and its length is 366 cm. The clad is 0.1393 cm thick, and the pitch is 1.275 cm. Each
fuel bundle is contained in a 0.6615-cm-thick boral sheath. The bundles are separated by 1 cm of water,
representing a flooded cask. The square aluminum cask is 10 cm thick on all faces and is reflected by
15 cm of water. The input consists of a sequence keyword, title, cross-section library specification
(HANSEN-ROACH), MIPLIB geometry keyword (LATTICECEl.L), standard composition input, fuel
pin cell specification, KENO V data, and search data (OPTIMUM PITCH). The output from the
above sample problem indicated a maximum keff value of 0.754 ± 0.048 when the fuel bundles were
touching (i.e., at the minimum constraint).

VALIDATION EXPERIENCE

Criticality safety analyses are of extreme importance in environments where fissile materials are pro-
cessed, handled, or stored. For this reason, the SCALE system analytic tools and data libraries have
been employed in a number of studies in order to determine the effectiveness of the system in calculating
Iĉ ff for critical systems. A discussion of the initial effort to validate the cross-section libraries employed
in SCALE for criticality analyses is provided in a companion paper.* However, a number of independ-
ent studies have also been performed which concentrated on the use of KENO IV anJ/or KENO V.a
in conjunction with the SCALE libraries for various classes of critical systems.7"13 The studies provide
a basis for a user to verify the adequacy of using the SCALE system and available libraries for the
intended calculation. The SCALE system has also been utilized in analyzing a series of international
standard problems developed under the auspices of the Organization for Economic Cooperation and
Development (OECD). An international working group analyzed the results submitted by participating
countries and published final reports.14""15

Experience gained from the validation studies together with participation in the OECD standard
problem exercise have provided the SCALE developers with a large amount of feedback needed to fur-
ther improve the performance of the SCALE system for criticaiity safety analysis.

SUMMARY

This paper has provided an overview of the criticality safety analysis tools available in the SCALE
system. Updated versions of the well-established KENO codes (KENO IV and KENO V.a) are pro-
vided in SCALE to enable a user to obtain k<.n (or multidimensional systems. The XSDRNPM-S code
is used for evaluating lc^ for one-dimensional models. These basic tools have been combined with the
resonance processing codes (NITAWL-S and BONAMI-S) to produce a number of easy-to-use analytic
sequences. These Criticality Safety Analysis Sequences (CSAS) have been developed to be highly flexi-
ble and general in their application. The KENO codes in SCALE and the CSAS sequences are being
widely used for research, operational safety analyses, design, and safety review. The broad range of
experience with these analytic tools, together with the extensive validation efforts provides users with a
significant degree of confidence in applying the SCALE system for cnticality safety analyses. Also, the
easy-to-use features and extensive error/warning messages available with the SCALE sequences hope-
fully reduce the misuse of the system. However, like any computational tool, SCALE can be used or
applied improperly. Therefore, the user is encouraged to read and understand the relevant sections of
the SCALE Manual1 and review the literature (e.g., Refs. 7-13) for actual validation relevant to the
intended applications.

*R. M. Westfall, "Cross Section Libraries and Processing Techniques within the SCALE System"
Proceedings of OECD Workshop on the SCALE-3 Package, June 24-27, 1986, Paris, France.



=CSAS4X
SAMPLE FUEL CASK
HANSEN-ROACH LAuTICECELL
UO2 1 .84 293. 92235 2.35 92238 97.65 END
ZR 2 1 END
H2O 3 1 END
B4C IS 0.367 END
AL 4 0.636 END
H2O 5 1 END
AL 6 1 END
END COMP
SQUAREPITCH 1.2751 .823 1 3 .9627 2 END
SAMPLE SQUARE FUEL CASK
READ PARAM TME=5.0 NUB=YES FAR=YES GEN=5 3
END PARAM
READ ARRAY NUX=2 NUY=2 NUZ=1 END ARRAY
READ GEOM
CUBOID 500 1 10.8335 -10.8385 10.8385 -10.8385 183.1 -183.1
CUBOID 4 1 11.5 -11.5 11.5 -11.5 183.1 -183.1
CUBOID 5 1 12.0 -12.0 12.0 -12.0 184.0 -184.0
CORK 0 1 3*
REFLECTOR 6 1 6*10.0 1
REFLECTOR 5 2 6*3 5
END GEOM
3EAD BIAS ID=500 2 6 END BIAS
END DATA
READ SEARCH OPTIMUM PITCH END SEARCH
END

Fig. 2. CSAS4X input for BWR assemblies in square aluminum cask.



REFERENCES

1. SCALE: A Modular Code System for Performing Standardized Computer Analyses for Licensing
Evaluation, Vols. 1-3, NUREG/CR-0200, U.S. Nuclear Regulatory Commission (originally issued July
1980, reissued January 1982, Revision 1, issued July 1982, Revision 2 issued June 1983, Revision 3
issued December 1984).

2. L. M. Petrie and N. F. Cross, "KENO IV - An Improved Monte Carlo Criticality Program," ORNL-
4938, Oak Ridge National Laboratory (1975). Also see Sect. F5 of the SCALE Manual.

3. W. A. Rhoades and R. L. Childs, "An Updated Version of the DOT IV One- and Two-Dimensional
Neutron/Photon Transport Code," ORNL-5851, Oak Ridge National Laboratory (July 1982).

4. G. E. Whitesides and N. F. Cross, "KENO - A Multigroup Monte Carlo Criticality Program," CTC-5,
Union Carbide Corporation Nuclear Division (1969).

5. T. J. Hoffman, "The Optimization of Russian Roulette Parameters for KENO," ORNL/TM-7539, Oak
Ridge National Laboratory (1982).

6. M. J. Lorek, "Improved Criticality Search Techniques for Low- and High-Enriched Systems,"
ORNL/NUREG/CSD/TM-13, NUREG/CR-2122, U.S. Nuclear Regulatory Commission (1981).

7. G. R. Handley et al., "Validation of the Monte Carlo Criticality Program KENO IV and the Har.sen-
Roach Sixteen-Energy-Group Cross Sections for High Assay Uranium Systems," Y-2234, Union Car-
bide Corporation Nuclear Division, Oak Ridge Y-12 Plant (1981).

8. J. R. Knight, "Validation of the Monte Carlo Criticality Program KENO V.a for Highly Enriched
Uranium Systems," ORNL/CSD/TM-221, Martin Marietta Energy Systems, Inc., Oak Ridge
National Laboratory (1984).

9. M. E. Easter, "Validation of KENO V.a and Two Cross-Secticn Libraries for Criticality Calculations
of Low-Enriched Uranium Systems," ORNL/CSD/T-223, K/HS-74, Martin Marietta Energy Sys-
tems, Inc., Oak Ridge National Laboratory (1985).

10. L. M. Petrie and J. T. Thomas, "Assessment of Computational Performance in Nuclear Criticality,"
ORNL/CSD/TM-224, Martin Marietta Energy Systems, Inc., Oak Ridge National Laboratory
(1985).

11. A. M. Hathout et al.. "Validation of Three Cross-Section Libraries Used with the SCALE System for
Criticality Safety Analysis," NUREG/CR-1917, ORNL/NUREG/CSD/TM-19, U.S. Nuclear Regu-
latory Commission (June 1981).

12. M. E. Easter and R. T. Primra, III, "Validation of the SCALE Code System and Two Cross-Section
Libraries for Plutonium Benchmark Experiments," ORNL/TM-9402, Oak Ridge National Laboratory
(January 1985).

13. "Standard Problem Exercise on Criticality Codes for Spent LWR Fuel Transport Containers," by a
CSNI Group of Experts on Nuclear Criticality Safety Computations, CSNI Report No. 71, OECD,
Paris, France (May 1982).

14. "Standard Problem Exercise on Criticality Codes tor Large Arrays of Packages of Fissile Materials," by
a CSNI Working Group, CSNI Report No. 78, OECD, Paris, France (August 1984).


